1.. Introduction {#S0001}
================

In post-traumatic stress disorder (PTSD), traumatic memories tend to be re-experienced as flashbacks of sensory elements of the memory (images, sounds, smells, or physical sensations) that are accompanied by intense negative affect (Brewin, Huntley, & Whalley, [2012](#CIT0014); Ehlers, Hackmann, & Michael, [2004](#CIT0025); van der Kolk & Fisler, [1995](#CIT0065)). To reduce frequent re-experiencing of traumatic memories and their associated negative affect in PTSD, therapeutic strategies such as eye movement desensitization and reprocessing (EMDR) use eye movements in an attempt to facilitate the reprocessing of traumatic memories (Shapiro, [1989](#CIT0054); van der Kolk et al., [2007](#CIT0066)). Eye movements, i.e. oculomotion, have been shown to reduce not only sympathetic activity upon retrieval of a traumatic memory (Barrowcliff, Gray, Freeman, & MacCulloch, [2004](#CIT0006)), but also to diminish intrusive memories and the vividness associated with them (Andrade, Kavanagh, & Baddeley, [1997](#CIT0001); Barrowcliff et al., [2004](#CIT0006); Cotter, Meysner, & Lee, [2017](#CIT0020)). To date, however, little is known about the possible neurobiological underpinnings of these effects. In this pilot study, we examine specifically the relation between oculomotion and episodic memory by investigating patterns of brain activation in healthy controls and individuals with PTSD during retrieval of traumatic/stressful and neutral memories while performing simultaneously contrasting patterns of oculomotor movements (i.e. saccadic, smooth pursuit, stationary dot fixation). Here, we propose several key neural networks and brain regions central not only to episodic memory retrieval, but also to oculomotion and to accompanying emotional regulation strategies, that may heighten reprocessing of traumatic memories during EMDR.

1.1.. Dorsal attentional network {#S0001-S2001}
--------------------------------

The dorsal attentional network consists of dorsal frontoparietal brain regions, including the frontal eye field (FEF), the supplementary eye field (SEF) and the intraparietal sulcus. In conjunction with other sensory modalities, including auditory, vestibular, and tactile stimuli, eye movements are a key component of the dorsal attentional network, and are critical for probing extrapersonal space to inform one's internal perspective of the world (Corbetta & Shulman, [2002](#CIT0018)). Sensory information obtained from oculomotion travels to the superior colliculus in the midbrain (Vernet, Quentin, Chanes, Mitsumasu, & Valero-Cabré, [2014](#CIT0067)). The superior colliculus is then responsible for projections to the FEF in the lateral frontal lobe, which aid in visuospatial attentional processes and visuomotor movements (see [Figure 1](#F0001) for details) (Grosbras & Paus, [2002](#CIT0034); Vernet et al., [2014](#CIT0067)). The FEF, in turn, projects to the lateral posterior parietal cortex, which is involved in perceiving spatial information pertaining to one's viewer-centred egocentric space, and thus helps to identify self-location and mental navigation through one's surroundings ([Figure 1](#F0001)) (Burgess, [2006](#CIT0016); Szczepanski, Pinsk, Douglas, Kastner, & Saalmann, [2013](#CIT0062)). In addition, the FEFs aid in the evaluation of the environment from a spatial perspective through interactions with the SEF, which projects to both the lateral and medial posterior parietal cortices to inform both one's viewer (egocentric) and observer (allocentric) perspective ([Figure 1](#F0001)) (Szczepanski et al., [2013](#CIT0062)).10.1080/20008198.2019.1586265-F0001Figure 1.Oculomotor network. Visuospatial sensory information obtained from oculomotion travels to the superior colliculus in the midbrain via cranial nerves III, IV, and VI. The superior colliculus can project visuospatial afferents to the frontal eye field (FEF) to engage the dorsal visual stream, which is a functional component of the dorsal attentional network that helps guide one's visuospatial processing of the external environment. The FEF functionally connects with the lateral posterior parietal cortex (Par), where one can process visuospatial details related to one's viewer-centred egocentric perspective (i.e. identifying one's self-location). The FEF also interacts with the supplementary eye field (SEF), which maintains connections with both the lateral and medial parietal cortices. The SEF, through its connections with the parietal cortex, can process visuospatial details from both an egocentric and observer-centred allocentric perspective, as it can identify one's self-location based on identifying objects or external locations in the environment. The eye clipart image was retrieved and adapted from a free public domain (clker.com, Rolera LLC).

Although eye movements are critical to gathering current visuospatial information required for the optimal functioning of attentional processes that guide working memory (Beck & Hollingworth, [2017](#CIT0008); Pearson & Sahraie, [2003](#CIT0050); Shipstead, Harrison, & Engle, [2012](#CIT0055)), short-term working memory interacts further with long-term episodic memory such that previous experiences provide context to salient stimuli (Baddeley & Hitch, [1974](#CIT0004); Eriksson, Vogel, Lansner, Bergström, & Nyberg, [2015](#CIT0027); Souza & Oberauer, [2017](#CIT0056); Uncapher & Wagner, [2009](#CIT0064)). Taken together, these findings suggest that salient visuospatial sensory information, guided, in part, by oculomotion, informs perspective on the relevance of incoming sensory input. Previous studies have indicated that eye movements performed simultaneously with episodic memory retrieval tax working memory resources; such interference may reduce the capacity to engage in other higher order tasks reliant upon executive functioning (Maxfield, Melnyk, & Hayman, [2008](#CIT0043); Op den Kelder, Van den Akker, Geurts, Lindauer, & Overbeek, [2018](#CIT0047)).

1.2.. Frontoparietal executive control network {#S0001-S2002}
----------------------------------------------

This dynamic relationship between working memory and long-term episodic memory depends critically on the ability to use salient sensory information to guide retrieval of episodic autobiographical memories (Baddeley, [2010](#CIT0003); Burianova, McIntosh, & Grady, [2010](#CIT0017)). Dixon et al. ([2018](#CIT0023)) describe a frontoparietal executive control network comprised of two functional subdivisions involved in sensorimotor and introspective processes, respectively. Here, the sensorimotor frontoparietal subdivision is thought to orient, via oculomotor movements, to salient multisensory cues in the external environment (Corbetta & Shulman, [2002](#CIT0018)), thus assisting in mapping sensory information in the environment through visual search. This subdivision overlaps with neural regions implicated in the dorsal attentional network, including the  FEF, SEF, and the right inferior parietal lobule. By contrast, the introspective frontoparietal subdivision is thought to mediate internally based mental thoughts and emotion processing and overlaps with areas involved in autobiographical memory and self-referential processing, including the medial prefrontal cortex. These functional subdivisions of a larger frontoparietal cognitive control network are thought to work in tandem to carry out higher order cognitive tasks, including emotion regulation.

1.3.. The role of oculomotion in integration of autobiographical memories {#S0001-S2003}
-------------------------------------------------------------------------

Commonly, autobiographical memories are appraised on a continuum of positive to negative valence, a process associated with changes in physiological homeostasis in response to internal and/or external reminders of the memory (Morawetz, Bode, Derntl, & Heekeren, [2017](#CIT0044); Picó-Pérez, Radua, Steward, Menchón, & Soriano-Mas, [2017](#CIT0051)). Here, individuals may modulate emotional appraisal of a negative memory by introducing emotion regulation strategies, where one attempts to adjust the internal affective representation of a subjective memory (Morawetz et al., [2017](#CIT0044); Picó-Pérez et al., [2017](#CIT0051); Zilverstand, Parvaz, & Goldstein, [2017](#CIT0069)). Critically, in traumatic memory, reappraisal strategies target the down-regulation of negative affective representations associated with the memory in an attempt to reduce its emotional impact. This conscious top--down emotion regulation is thought to engage a frontoparietal network involving brain regions similar to those implicated in oculomotion and in autobiographical memory, including the right dorsolateral and ventrolateral prefrontal cortex, which may work in tandem to attenuate the intense negative affect underlying traumatic memories (Zilverstand et al., [2017](#CIT0069)).

Previous studies have demonstrated that the vividness of traumatic memories is reduced when memory retrieval is performed simultaneous to horizontal eye movements (Andrade et al., [1997](#CIT0001); Barrowcliff et al., [2004](#CIT0006); Littel, van Schie, & van Den Hout, [2017](#CIT0040); Thomaes, Engelhard, Sijbrandij, Cath, & Van den Heuvel, [2016](#CIT0063)). However, no study has sought to investigate the neural underpinnings of this effect, where significant overlap is observed in the frontoparietal networks believed to be involved in oculomotion, autobiographical memory, and emotional regulation. Identification of frontal and parietal neural regions common to these processes may assist in delineating the neurobiological mechanisms contributing to traumatic memory reprocessing using eye movements and provide an organizing framework to identify neural targets for EMDR.

Accordingly, we sought to identify the neural architecture associated with traumatic/stressful autobiographical memory retrieval during simultaneous performance of horizontal smooth pursuit or saccadic eye movements in patients with PTSD and in healthy controls. Specifically, we hypothesized that (1) traumatic/stressful memory retrieval during performance of horizontal eye movements would engage the two functional subdivisions of the larger frontoparietal executive control network proposed by Dixon et al. ([2018](#CIT0023)) and thought to be involved in sensorimotor and introspective processing. We also hypothesized that (2) (a) oculomotor eye movements would activate sensorimotor brain regions in the dorsal attentional network, including the FEF and SEF; (b) activation of the dorsal attention network in conjunction with traumatic/stressful autobiographical memory retrieval would recruit frontal and parietal brain regions involved in introspective processing; and (c) dual sensorimotor and introspective processing would initialize a larger frontoparietal executive control network that recruits areas involved in higher order cognitive demands, including emotion regulation. In keeping with our own work (Lanius et al., [2004](#CIT0039)), we hypothesized further that (3) individuals with PTSD would show group differences during traumatic memory retrieval as compared to those without PTSD. Furthermore, we hypothesized that (4) in individuals with PTSD, as compared to controls, activation of the dorsal attentional network through eye movements would enhance the recruitment of regions involved in self-referential processing and emotion regulation, thus laying a foundation for understanding of the neurobiological mechanisms underlying EMDR.

2.. Methods {#S0002}
===========

2.1.. Clinical and demographic information {#S0002-S2001}
------------------------------------------

Thirty-nine participants participated in the present study, including 20 patients with PTSD and 19 age- and gender-matched healthy controls. Recruitment for the study took place during 2014--2016, via referrals from family physicians, mental health professionals, psychology/psychiatric clinics, community programs for traumatic stress, and posters/advertisements within the London, Ontario community.

Inclusion criteria for the study included a PTSD diagnosis based on the Clinician-Administered PTSD Scale (CAPS), versions IV (Blake et al., [1995](#CIT0011)) (*n* = 26, PTSD diagnosis if score \> 50) and 5 (Weathers et al., [2013](#CIT0068)) (*n* = 13, different scoring system with no definitive cut-off). For all participants, a Structured Clinical Interview for DSM-IV Axis I disorders (SCID) (First, Spitzer, Gibbon, & Williams, [2002](#CIT0028)) was administered, along with a battery of questionnaires assessing trait psychological symptoms, including the Beck Depression Inventory (BDI) (Beck, Guth, Steer, & Ball, [1997](#CIT0007)), Child Trauma Questionnaire (CTQ) (Bernstein & Fink, [1998](#CIT0009)) (94% of participants had a history of childhood trauma, i.e. they scored above the 'none/minimal' threshold for any trauma category), and the Multiscale Dissociation Inventory (MDI) (Briere, Weathers, & Runtz, [2005](#CIT0015)). In addition, during the scan, the Responses to Script-Driven Imagery Scale (RSDI) (Hopper, Frewen, Sack, Lanius, & van der Kolk, [2007](#CIT0037)), State--Trait Anxiety Inventory (STAI) (Spielberger, [2010](#CIT0057)), and Clinician-Administered Dissociative States Scale (CADSS) (Bremner et al., [1998](#CIT0012)) were used to assess state-based psychological responses. The clinical and demographic characteristics of the study sample are detailed in [Table 1](#T0001).10.1080/20008198.2019.1586265-T0001Table 1.Clinical and demographic information.MeasurePTSDHealthy controls*t*-Test/*χ*^2^ (*p*)*N*2019 GenderM = 8, F = 12M = 8, F = 110.894Age (years)38.8 ± 14.339.3 ± 13.50.908CAPS-IV Total (*n* = 26)82.7 ± 16.30.6 ± 1.3\< 0.001\*CAPS-5 Total (*n* = 13)34.7 ± 9.60\< 0.001\*CTQ-Total65.8 ± 21.034.8 ± 13.6\< 0.001\*BDI-Total27.0 ± 7.01.2 ± 2.0\< 0.001\*MDI-Total61.2 ± 12.733.3 ± 13.0\< 0.001\*MDI-Depersonalization7.9 ± 2.55 ± 0\< 0.001\*MDI-Derealization9.7 ± 3.86.3 ± 1.0\< 0.001\*Initial RSDI-Total22.4 ± 6.615.5 ± 3.00.002\*Initial RSDI-Dissociation^avg^2.6 ± 0.25.0 ± 3.30.011\*MDD*n* = 3 (3)-- Panic disorder/agoraphobia*n *= 3-- Social phobiaNone-- OCD*n* = (2)-- GADNone-- Ratings of emotional experience after traumatic memory retrieval (scale of 1--6)Fear3.1 ± 2.30.6 ± 1.1\< 0.001\*Anger3.6 ± 2.20.6 ± 1.2\< 0.001\*Guilt2.4 ± 2.30.5 ± 1.30.003\*Happiness0.2 ± 0.60.2 ± 0.60.96Sadness3.7 ± 2.11.7 ± 2.40.01\*Shame2.7 ± 2.20.2 ± 0.7\< 0.001\*Disgust2.7 ± 2.40.3 ± 0.8\< 0.001\*[^3][^4][^5]

Participants were excluded if 3.0 T scanner safety regulations were violated, including the presence of metal implants, and/or if participants had experienced previous head trauma associated with a loss of consciousness, significant untreated medical illness, and/or pervasive developmental disorders. Additional exclusion criteria for PTSD patients included a current or past history of bipolar or psychotic disorders, and/or alcohol/substance dependency or abuse for at least 6 months prior to partaking in the study. Control participants were ineligible if lifetime criteria were met for any Axis I psychiatric disorder from the SCID assessment. If eligible, participants provided written informed consent to participate in the study. No eligible participants were subsequently excluded from study nor did any of the participants drop out over the course of the study. All scanning was conducted in London, Ontario at Robarts Research Institute's Centre for Functional Metabolic Mapping. The study was approved by the Research Ethics Board at Western University of Canada.

2.2.. Functional magnetic resonance imaging protocol {#S0002-S2002}
----------------------------------------------------

Whole-brain functional magnetic resonance imaging (fMRI) data were collected in a 3.0 T scanner (Magnetom Tim Trio; Siemens Medical Solutions, Erlangen, Germany) with a 32-channel phased-array head coil. Blood oxygen level-dependent (BOLD) fMRI data were collected using a manufacturer's standard gradient-echo planar imaging (EPI) pulse sequence (single-shot, blipped EPI) with an interleaved slice acquisition with the following specifications: time resolution (TR) = 3000 ms, echo time (TE) = 20 ms, voxel size = 2 × 2 × 2 mm^3^, field of view (FOV) = 192 × 192 × 128 mm^3^ (94 × 94 matrix, 64 contiguous slices), and flip angle (FA) = 90°. High-resolution T1-weighted anatomical images were also collected (MPRage: 192 slices, voxel size = 1 × 1 × 1 mm^3^).

2.3.. Eye movement scan procedure {#S0002-S2003}
---------------------------------

All participants were asked to retrieve both neutral and traumatic/stressful autobiographical memories via a single personalized word cue associated with each memory (chosen by participants before the study; whereas PTSD participants retrieved traumatic memories, controls retrieved their most stressful memories) while following a moving dot to guide eye movements across the screen ([Figure 2](#F0002)). Participants were instructed to select a word representing a traumatic/stressful memory that would be distressing upon retrieval, but not to an extent that a particular memory would inhibit a participant's capacity to partake in the study. All participants were video recorded throughout the experiment and the recordings were visually inspected to ensure they were performing eye movements while in the scanner. In total, there were three conditions, each lasting 13 minutes, conducted in the following order: no memory retrieval, neutral memory retrieval, and traumatic/stressful memory retrieval. Each condition consisted of 12 runs, separated into four blocks that were presented in a randomized order. For each block, one of four types of oculomotor stimuli (a stationary fixation dot, a horizontal smooth pursuit, a horizontal saccadic pursuit, or a vertical saccadic pursuit) was presented in three consecutive runs. Each run lasted 39 seconds, which included: (i) collection of an implicit baseline measure (6 seconds); (ii) display of a personalized word cue for neutral or traumatic/stressful memory retrieval (e.g. "comb" for a neutral memory, "knife" for a traumatic memory) (3 seconds); and (iii) presentation of an oculomotor stimulus (30 seconds). First, a black central stationary dot was displayed for 6 seconds to obtain an implicit baseline measure (explained below) (Bremner et al., [1999](#CIT0013); Lanius et al., [2004](#CIT0039)). After the implicit baseline was collected, participants were instructed to retrieve autobiographical memories after reading a personalized word cue displayed on the screen for 3 seconds (replaced with a '+' symbol in the no memory retrieval condition). Subsequently, the oculomotor stimulus, coloured circles to guide eye movements across the screen, was presented for 30 seconds while participants continued to engage with the memory. After three consecutive runs involving the same oculomotor stimulus, participants were asked to rate the severity of PTSD symptoms they experienced during memory retrieval with the specific adjunctive oculomotor stimulus, including emotional intensity, numbing, dissociation, re-experiencing, and vividness of memory. Afterwards, an 18-second rest interval using a black stationary fixation '+' led to a transition into a new block that presented a different oculomotor stimulus. This process was repeated four times to evaluate each type of oculomotor stimulus. Both before the experiment and after each condition (no memory retrieval, neutral memory retrieval, and traumatic/stressful memory retrieval), participants were asked to rate the severity of re-experiencing, avoidance, and dissociative symptoms experienced in the scanner based on the RSDI ([Table 1](#T0001)) (Hopper et al., [2007](#CIT0037)). In addition, participants were asked to report intensity ratings (on a Likert scale of 1 to 6) of different negative emotions experienced after each memory retrieval condition ([Table 1](#T0001)). After the scan, a brief interview was administered to assess whether participants were successful in retrieving the memories during the scanning protocol.10.1080/20008198.2019.1586265-F0002Figure 2.Experimental paradigm. All participants were asked to retrieve both neutral and traumatic autobiographical memories via a personalized word cue associated with each memory, while following a moving dot to guide eye movements across the screen. In total, there were three conditions, each lasting 13 minutes, conducted in the following order: no memory retrieval, neutral memory retrieval, and traumatic memory retrieval. Each condition consisted of 12 runs, separated into four blocks to present each type of oculomotor stimulus in three consecutive runs (stationary fixation dot, a horizontal smooth pursuit, a horizontal saccadic pursuit, and a vertical saccadic pursuit). Each run lasted (6 + 3 + 30) 39 seconds, where a black central stationary dot was displayed for 6 seconds to obtain an implicit baseline measure, after which participants were instructed to retrieve autobiographical memories while reading a single personalized word cue displayed on the screen for 3 seconds (replaced with a '+' symbol in the no memory retrieval condition). Immediately afterwards, participants were asked to continue retrieving the memory while 30 seconds of one type of oculomotor stimulus was presented using coloured circles to guide eye movements across the screen. After three consecutive runs using the same type of oculomotor stimulus, participants were asked to rate the severity of post-traumatic stress disorder (PTSD) symptoms they experienced during memory retrieval with the specific adjunctive oculomotor stimulus, including emotional intensity, numbing, dissociation, re-experiencing, and vividness of memory. Afterwards, an 18-second rest interval using a black stationary fixation '+' led to a transition into a new type of oculomotion. This process was repeated four times to evaluate the effects of each type of oculomotor stimulus.

### 2.3.1.. Implicit baseline {#S0002-S2003-S3001}

The implicit baseline measure is a quantitative estimation of a null period during the experiment where the participant is not engaged in task-related activities, and it can also be used as a reset period to obtain a baseline measure between tasks (Bremner et al., [1999](#CIT0013); Lanius et al., [2004](#CIT0039)). In the present study, the implicit baseline measure was a black stationary fixation dot displayed for 6 seconds before the oculomotor stimulus was presented within each run.

2.4.. fMRI preprocessing {#S0002-S2004}
------------------------

Image preprocessing and statistical analyses were performed using Statistical Parametric Mapping software (SPM12; Wellcome Trust Centre for Neuroimaging) within MATLAB 8.6 (R2015b; MathWorks). The functional images collected for each condition were realigned to the first volume of the scan. The images were then normalized to a Montréal Neurological Institute (MNI) anatomical template and spatially smoothed to a Gaussian kernel of 8 mm full-width half-maximum (FWHM).

2.5.. fMRI statistical analysis {#S0002-S2005}
-------------------------------

Voxel-wise general linear models were used to investigate activation patterns during each condition. For each subject, a BOLD contrast map was developed for each type of oculomotor stimulus within each memory retrieval condition (e.g. no memory horizontal smooth pursuit, traumatic/stressful memory horizontal saccadic pursuit). ART (version 2015--10; Gabrieli Lab, McGovern Institute) motion parameters were included as covariates in all within-subject analyses for all statistical analyses (including subtraction analysis and subsequent psychophysiological interactions). A 2 × 3 × 4 full-factorial subtraction analysis was employed to examine interaction effects of group (PTSD, controls), memory retrieval (no memory, neutral memory, and stressful/traumatic memory), and oculomotion (horizontal smooth pursuit, horizontal saccadic pursuit, vertical saccadic pursuit, and stationary dot fixation) versus the implicit baseline as described above; thus, all results obtained from this analysis are based on comparisons to no oculomotor stimuli. Results were reported at a family-wise error (FWE) voxel-wise whole-brain corrected threshold of *p *\< 0.05, with a cluster extent threshold of *k *= 10, in accordance with Eklund, Nichols, and Knutsson ([2016](#CIT0026)). To examine our primary question concerning the correlation of oculomotion with frontal and parietal neural correlates involved in autobiographical memory retrieval and top--down emotion regulation, the right FEF and SEF were observed as peak areas of activation across all factors and were therefore selected as seed regions in psychophysiological interaction (PPI) analyses to explore their functional connectivity patterns with the whole brain.

A region-of-interest (ROI) approach was used to investigate group comparisons in the PPI analyses between seed regions and four brain regions, identified a priori using coordinates from various meta-analyses employing activation likelihood estimation methodology: (1) the right dorsomedial prefrontal cortex \[*x*: 10, *y*: 40, *z*: 52\], associated with mentalization of autobiographical memories (Andrews-Hanna, Saxe, & Yarkoni, [2014](#CIT0002)); (2) the right dorsolateral prefrontal cortex \[*x*: 40, *y*: 23, *z*: 44\] and (3) the right anterior insula \[*x*: 44, *y*: 16, *z*: 4\], linked to cognitive reappraisal emotion regulation strategies (Morawetz et al., [2017](#CIT0044)); and (4) the right posterior insula \[*x*: --35, *y*: --13, *z*: 9\], associated with interoception based on insular functional mapping (Kurth, Zilles, Fox, Laird, & Eickhoff, [2010](#CIT0038)). A 10 mm sphere was created around the coordinates listed above using PickAtlas software (Maldjian, Laurienti, Kraft, & Burdette, [2003](#CIT0041)) and was used in an ROI-correction analysis for clusters that did not survive the FWE voxel-wise threshold of *p \< *0.05, *k *= 10. Significant clusters identified in the ROI analyses were adjusted for multiple comparisons at a voxel-wise FWE-corrected threshold set at *p *≤ 0.0125, *k* = 10, calculated by dividing the original *p*FWE \< 0.05 threshold by 4 to account for each ROI used. Finally, we correlated neuroimaging data from the PPI analyses with self-reported clinical state symptom scores collected in the scanner (RSDI, STAI, CADSS) and trait symptom scores collected before the experiment (MDI, BDI, CAPS).

3.. Results {#S0003}
===========

3.1.. fMRI statistical analyses {#S0003-S2001}
-------------------------------

The peak coordinates of activation in the omnibus analysis of variance (ANOVA) test included the right FEF \[*x*: 46, *y*: 0, *z*: 56\] and the right SEF \[*x*: 2, *y*: 2, *z*: 62\], which were subsequently used as seed regions for PPIs to explore their functional connectivity with the frontal and parietal brain regions listed as ROIs above (right dorsomedial prefrontal cortex, right dorsolateral prefrontal cortex, right anterior insula, and right posterior insula). Additional cortical regions that were activated in the ANOVA effect, interactions, and main factor effects are listed in the supplementary material. Although we present inclusively all post-hoc results from the ANOVA in the supplementary material, including all measures from each factor, we discuss here horizontal saccadic and smooth pursuit eye movements in the context of traumatic/stressful memory only, as these are of primary interest for studying the underpinnings of emotion regulation using horizontal eye movements during EMDR. All results are based on comparisons to the implicit baseline measure (without oculomotor stimuli).

3.2.. Psychophysiological interactions {#S0003-S2002}
--------------------------------------

### 3.2.1.. Right FEF {#S0003-S2002-S3001}

Significant regions in the PPI omnibus ANOVA test are listed in the supplementary material. There were no significant two-way or three-way interactions observed between the memory, oculomotion, or participant group factors, and no significant clusters within the main effect for each factor. Post-hoc one-sample *t*-tests within each variable did not yield significant connectivity with the frontal and parietal brain regions studied.

*Between-group comparisons*(i) *Between participant group, within motion, between memory*

As compared to the PTSD group, the healthy control group showed increased right FEF connectivity with the right posterior insula during horizontal smooth pursuit eye movements in the traumatic/stressful memory retrieval versus neutral memory retrieval condition ([Table 2](#T0002) (A), [Figure 3(A](#F0003))). (ii)*Between participant group, between motion, between memory*10.1080/20008198.2019.1586265-T0002Table 2.Right frontal (FEF) and supplementary eye field (SEF) psychophysiological interaction post-hoc two-sample *t*-tests and correlations with clinical dissociative symptoms. LRBARegion*k*vFWE*Z*-scoreMNI coordinates*xyz*(A) Right FEF psychophysiological interaction post-hoc analysisBetween group, between memory, within motion          Control \> PTSD, traumatic/stressful \> neutral memory, horizontal smooth pursuitR13Posterior insula180.007\*4.0836414Between group, between memory, between motion          PTSD \> control, traumatic/stressful \> no memory, horizontal smooth pursuit \> horizontal saccadicR9Dorsolateral prefrontal cortex120.005\*4.19482838(B) Right SEF psychophysiological interaction post-hoc analysisBetween group, within memory, within motion          Control \> PTSD, traumatic/stressful memory, horizontal memory saccadicL/R7Precuneus1610.0205.070−7056 PTSD \> control, traumatic/stressful memory, horizontal smooth pursuitR8Dorsomedial prefrontal cortex420.002\*4.06103658Between group, between memory, within motion          Control \> PTSD, traumatic/stressful \> no memory, horizontal saccadicL/R7Precuneus3760.0175.190−7056Between group, within memory, between motion          PTSD \> control, traumatic/stressful memory, horizontal smooth pursuit \> stationary fixation dotR8Dorsolateral prefrontal cortex430.001\*4.40362438 PTSD \> control, traumatic/stressful memory, horizontal smooth pursuit \> saccadicR9Dorsomedial prefrontal cortex500.001\*4.4583456 R8Dorsolateral prefrontal cortex570.008\*3.93422244Between group, between memory, between motion          PTSD \> control, traumatic/stressful \> neutral memory, horizontal saccadic \> stationary fixation dotR44Anterior insula100.002\*4.49481414(C) Negative SEF connectivity with dissociation measuresMDI-Total trait dissociative measures          R9Dorsolateral prefrontal cortex140.004\*4.35423442RSDI-Dissociative state dissociative measures          R9Dorsolateral prefrontal cortex110.002\*4.40443242[^6][^7][^8]10.1080/20008198.2019.1586265-F0003Figure 3.Explorative functional connectivity analyses (psychophysiological interaction) of (A) the right frontal eye field \[FEF (*x*: 46, *y*: 0, *z*: 56)\] and (B) the right supplementary eye field \[SEF (*x*: 2, *y*: 2, *z*: 62)\] seed regions during the traumatic memory retrieval condition. (A) During retrieval of a traumatic/stressful memory, as compared to the post-traumatic stress disorder (PTSD) patient group, healthy controls demonstrated increased right FEF connectivity with the right posterior insula with simultaneous smooth pursuit eye movements. In contrast, as compared to healthy controls, PTSD patients demonstrated increased right FEF connectivity with the right dorsolateral prefrontal cortex during retrieval of a traumatic memory with simultaneous smooth pursuit eye movements. (B) During retrieval of a traumatic/stressful memory with smooth pursuit eye movements, as compared to healthy controls, PTSD patients showed increased right SEF connectivity with the right dorsomedial and the right dorsolateral prefrontal cortices. In addition, as compared to controls, PTSD patients showed increased right SEF connectivity with the right anterior insula during retrieval of a traumatic memory with concurrent saccadic eye movements. All results are shown at *p*FWE ≤ 0.0125, *k *= 10, to correct for multiple comparisons; however, the precuneus is *p*FWE whole-brain corrected at *p *\< 0.05, *k *= 10.

As compared to the healthy control group, the PTSD group showed increased right FEF connectivity with the right dorsolateral prefrontal cortex during horizontal smooth pursuit versus horizontal saccadic eye movements in the traumatic/stressful memory retrieval versus no memory retrieval condition ([Table 2(A)](#T0002), [Figure 3(A)](#F0003)).

### 3.2.2.. Right SEF {#S0003-S2002-S3002}

Significant regions in the PPI omnibus ANOVA test, interactions, and main factor effects are listed in the supplementary material. Post-hoc one-sample *t*-tests within each variable did not yield significant connectivity with the frontal and parietal brain regions studied.

*Between-group comparisons*(i) *Between participant group, within motion, within memory*

As compared to the healthy control group, the PTSD group showed increased right SEF connectivity with the right dorsomedial prefrontal cortex during horizontal smooth pursuit eye movements in the traumatic/stressful memory retrieval condition. By contrast, as compared to the PTSD group, the healthy control group showed increased right SEF connectivity with the medial precuneus during horizontal saccadic eye movements in the traumatic/stressful memory retrieval condition ([Table 2(B)](#T0002), [Figure 3(B)](#F0003)). (ii) *Between participant group, within motion, between memory*

As compared to the PTSD group, the healthy control group showed increased right SEF connectivity with the medial precuneus during horizontal saccadic eye movements in the traumatic/stressful memory retrieval versus no memory retrieval condition ([Table 2(B)](#T0002), [Figure 3(B)](#F0003)). (iii) *Between participant group, between motion, within memory*

As compared to the healthy control group, the PTSD group showed increased right SEF connectivity with the right dorsolateral prefrontal cortex during horizontal smooth pursuit eye movements as compared to both the stationary central fixation dot stimulus and the horizontal saccadic eye movements in the traumatic/stressful memory retrieval condition. In addition, as compared to the healthy control group, the PTSD group showed increased right SEF connectivity with the right dorsomedial prefrontal cortex during horizontal smooth pursuit as compared to horizontal saccadic stressful memory retrieval condition/stressful memory retrieval condition ([Table 2(B)](#T0002), [Figure 3(B)](#F0003)). (vi) *Between participant group, between motion, between memory*

As compared to the healthy control group, the PTSD group showed increased right SEF connectivity with the right anterior insula during horizontal saccadic eye movements versus the stationary central fixation dot stimulus in the traumatic/stressful versus neutral memory retrieval condition ([Table 2(B)](#T0002), [Figure 3(B)](#F0003)). (v) *Clinical correlations*

Trait dissociative symptoms, measured by the self-reported MDI scale prior to the study, correlated negatively with right SEF connectivity with the right dorsolateral prefrontal cortex in the PTSD group during traumatic memory retrieval while performing concurrent horizontal smooth pursuit eye movements. Moreover, dissociative symptoms reported by the PTSD group in the scanner just prior to the experiment and measured by the RSDI correlated negatively with right SEF connectivity with the right dorsolateral prefrontal cortex during traumatic memory retrieval with concurrent horizontal smooth pursuit eye movements ([Table 2(C)](#T0002), [Figure 4](#F0004)). No significant correlations emerged between dissociative symptoms and right FEF connectivity patterns.10.1080/20008198.2019.1586265-F0004Figure 4.Explorative negative functional connectivity correlations with clinical dissociative measures in the right supplementary eye field (SEF) psychophysiological interaction during the traumatic memory retrieval condition. During retrieval of a traumatic memory with horizontal smooth pursuit eye movements, trait dissociation \[Multiscale Dissociation Inventory (MDI)\] symptoms and state dissociation symptoms \[Responses to Script-Driven Imagery Scale (RSDI)\] measures collected just prior to the scan correlated negatively with right SEF connectivity with the right dorsolateral prefrontal cortex. Pos, posterior; Ant, anterior. Results are shown at *p*FWE ≤ 0.0125, *k *= 10, corrected for multiple comparisons.

4.. Discussion {#S0004}
==============

In a pilot study aimed at enhancing our current understanding of the neurobiological mechanisms underlying EMDR therapy, we examined how oculomotion influences the neural circuitry engaged during retrieval of traumatic/stressful autobiographical memories in PTSD patients and healthy controls. We hypothesized initially that eye movements would activate the dorsal attentional network at the FEF and SEF. In turn, this network was expected to interact with frontoparietal brain regions involved in autobiographical memory retrieval, thus initializing a larger frontoparietal executive control network that recruits areas involved in higher order cognitive demands, including emotion regulation. Overall, our results supported these hypotheses, demonstrating that frontoparietal regions involved in autobiographical memory retrieval and emotion regulation show connectivity with the right FEF and SEF during the retrieval of a traumatic/stressful memory while performing concurrent horizontal saccadic and smooth pursuit eye movements. A full summary of the study results can be found in the supplementary material. In keeping with previous studies (Andrade et al., [1997](#CIT0001); Barrowcliff et al., [2004](#CIT0006)), however, we discuss here only those results pertaining to the implementation of horizontal eye movements during retrieval of traumatic/stressful memories, as these findings have direct relevance to identifying the neural mechanisms underlying EMDR. In addition, we highlight below the influence of simultaneous oculomotion during traumatic/stressful autobiographical memory retrieval on the recruitment of a frontoparietal executive control network that has the potential to facilitate top--down emotion regulation.

4.1.. Top--down emotion regulation {#S0004-S2001}
----------------------------------

The findings of the present study point towards co-activation of the two functional subdivisions of the frontoparietal executive control network (Dixon et al., [2018](#CIT0023)), where ocular sensorimotor processing and introspection during traumatic/stressful autobiographical memory retrieval are thought to work in tandem to facilitate higher order cognitive processes such as emotion regulation. Specifically, during traumatic/stressful memory retrieval with simultaneous horizontal smooth pursuit eye movements, as compared to controls, the PTSD group showed increased right FEF and SEF connectivity with the right dorsolateral prefrontal cortex, as well as increased right SEF connectivity with the right dorsomedial prefrontal cortex.

Pagani et al. ([2012](#CIT0048)), in trying to elucidate the role of eye movements in cognitive processing of traumatic memories during EMDR, suggest that the prefrontal cortex is central to this processing due to its involvement in self-referential processing of the emotional content underlying a memory. Indeed, self-referential processing is thought to be critical for event processing, as it aids in introspective reflection on a memory by providing context through interpretation of the emotion it evokes (St. Jacques, Kragel, & Rubin, [2011](#CIT0058); Svoboda, McKinnon, & Levine, [2006](#CIT0061)). Here, the dorsolateral and dorsomedial prefrontal cortices are critical not only to the mediation of emotion regulation strategies to dampen negative emotions, but also for initiating the retrieval of an episodic memory (Andrews-Hanna et al., [2014](#CIT0002); Frewen, Thornley, Rabellino, & Lanius, [2017](#CIT0029); Steinvorth, Corkin, & Halgren, [2006](#CIT0059)). Although individuals tend to integrate negative memories during rapid eye movement (REM) sleep, when the frontal lobe is largely inhibited (Hobson, Stickgold, & Pace-Schott, [1998](#CIT0036); Marshall, Helgadóttir, Mölle, & Born, [2006](#CIT0042); Nishida, Pearsall, Buckner, & Walker, [2008](#CIT0046)), Stickgold ([2002](#CIT0060)) suggests that eye movements may, conversely, engage the frontal lobe during the retrieval of episodic memories, thus enhancing the capacity for top--down emotion regulation. Critically, individuals with PTSD have been shown to have a decreased capacity for top--down emotion regulation (Frewen, Dozois, Neufeld, & Lanius, [2011](#CIT0030)), and, thus, may require greater effort to recruit brain regions necessary for top--down emotion regulation as compared to healthy individuals. Accordingly, we suggest that engagement of the oculomotor frontoparietal network observed here among individuals with PTSD may represent a compensatory neurobiological mechanism that facilitates downstream recruitment of regions impacted by emotion regulation, including the insula, in an effort to reduce the intense negative affect associated with a traumatic memory.

Brain regions involved in top--down emotion reappraisal, such as the dorsal prefrontal cortex, act on downstream structures, including the anterior and posterior regions of the insula (Goldin, McRae, Ramel, & Gross, [2008](#CIT0031)). Here, in the PTSD group as compared to controls, during horizontal saccadic eye movements, the right SEF showed increased connectivity with the right anterior insula, a region thought to be central to identifying emotional feeling states. As compared to controls, the PTSD group reported more intense negative emotions following retrieval of a traumatic memory ([Table 1](#T0001)). Hence, increased connectivity between the right SEF and the right insula may represent an increased attempt at regulation of intense emotion associated with traumatic memory retrieval in PTSD.

The anterior insula is thought to maintain one's sense of time; however, sensory overload from emotionally salient events may consume neural resources at the expense of the ability to assess the chronology of these events (Craig, [2009](#CIT0022)). This disruption may impact negatively memory processing, where the anterior insula is believed to be critical to the creation of a coherent emotional narrative of a memory with respect to time (Craig, [2009](#CIT0022)). Individuals with PTSD have been shown to suffer from a compromised ability to produce a coherent narrative of traumatic memories (Ehlers et al., [1998](#CIT0024); Gray & Lombardo, [2001](#CIT0033); van der Kolk & Fisler, [1995](#CIT0065)), and, accordingly, may show reduced higher order processing of its affective and sensory elements.

The increased right SEF recruitment of the right anterior insula in the PTSD group as compared to controls suggests a potential role of eye movements in strengthening the internal sense of time during retrieval of a traumatic memory. In turn, this enhanced chronological awareness may facilitate being able to more accurately retrieve a traumatic memory as an experience belonging to the past. Notably, these findings align with the concept of 'neuroentrainment' in EMDR (Coubard, [2015](#CIT0021)), which postulates that rhythmic eye movements engage attentional processes to synchronize both affective and temporal components of traumatic memories.

Thus, among individuals with PTSD, the right supplementary eye field may: i) recruit the right anterior insula to assist in identifying a temporally coherent emotional narrative associated with the retrieval of a traumatic memory; and ii) recruit other cortical midline structures (e.g., dorsal prefrontal cortex) to assist in processing its intense negative emotional content.

As noted, as compared to the PTSD group, controls reported significantly less intense negative emotions following retrieval of a stressful memory while engaged in oculomotor movements ([Table 1](#T0001)). We suggest that, among those who are not traumatized by a stressful experience, it may not be necessary to recruit additional cortical regions in an effort to engage top--down emotion regulation processes. As compared to individuals with PTSD, the healthy control group showed increased right FEF connectivity with the right posterior insula only during retrieval of a stressful memory with simultaneous horizontal smooth pursuit eye movements. Pagani, Högberg, Fernandez, and Siracusano ([2013](#CIT0049)) emphasize the importance of EMDR in facilitating explicit cortical emotional processing of a traumatic memory over subcortical structures that carry implicit affective components of a memory. Similarly, Corrigan and Grand ([2013](#CIT0019)) suggest that top--down cortical integration of the episodic and the emotional components of a traumatic memory through EMDR may aid in memory reprocessing at the level of midbrain subcortical structures that help generate basic autonomic and instinctual responses to sensory input from the memory, such as the superior colliculus and the periaqueductal grey, where the latter may relay the implicit affective component of the memory through functional connections with the insula (Harricharan et al., [2016](#CIT0035)). Hence, during retrieval of a traumatic memory with simultaneous horizontal smooth pursuit eye movements, controls may require cortical control of the implicit negative affective intensity experienced at the level of the posterior insula only. In contrast, individuals with PTSD may require additional recruitment of higher order emotion regulation brain regions (e.g. dorsolateral prefrontal cortex) to cope with the heightened emotional intensity experienced during retrieval.

On balance, we suggest that in individuals with PTSD, as compared to controls, horizontal eye movements may activate the right FEF and SEF as an alternative mechanism to engage prefrontal regions involved in emotion regulation. These neural operations, in turn, are likely to assist in top--down reappraisal of a traumatic memory, thus reducing the negative affective intensity experienced upon its retrieval.

4.2.. Dissociative symptoms impede emotion regulation {#S0004-S2002}
-----------------------------------------------------

PTSD patients with symptoms of depersonalization and derealization often experience an altered perception of the self and its surroundings. In the present study, among individuals with PTSD, dissociative symptoms (MDI and RSDI) correlated negatively with right SEF connectivity with the right dorsolateral prefrontal cortex during traumatic memory retrieval involving simultaneous horizontal smooth pursuit eye movements ([Figure 4](#F0004)). A previous study (Bae, Kim, and Park, [2016](#CIT0005)) revealed poor treatment outcomes in patients with high scores on the Dissociative Experiences Scale (Bernstein & Putnam, [1986](#CIT0010)) when undergoing EMDR therapy. Taken together, we suggest that decreased ability of the oculomotor brain regions (i.e. FEF and SEF) to engage regions involved in top--down emotion regulation, including the right dorsolateral prefrontal cortex, during traumatic memory retrieval may limit the efficacy of EMDR therapy in PTSD patients with significant dissociative symptoms.

4.3.. Limitations and future directions {#S0004-S2003}
---------------------------------------

Several limitations of the current study need to be considered, including prominently its small sample size. Given that this was a pilot study, replication of the present study with a larger sample is warranted. A larger sample size will also be necessary to delineate any gender differences in activation of the oculomotor frontoparietal network during traumatic/stressful memory retrieval. Inclusion of a larger sample may also render it more feasible to include a trauma-exposed control group; however, it is often difficult to generate a comparably sized, lifetime trauma-matched sample group of traumatized controls who do not meet the lifetime criteria for one or more psychiatric disorders. Future studies are also required to elucidate the impact of each type of eye movement (i.e. horizontal versus vertical, smooth versus saccadic eye movements) in a larger sample. Notably, other types of bilateral stimulation, including tactile or auditory alternating bilateral stimulation, have been used in clinical practice with EMDR (González, Del Río-Casanova, & Justo-Alonso, [2017](#CIT0032); Nieuwenhuis et al., [2013](#CIT0045)). Additional research is therefore necessary to determine whether alternative bilateral stimulation methods show similar or different patterns of neural activation and of connectivity. Finally, given the potential of the present paradigm to identify the neural mechanisms underlying EMDR, it will be crucial to assess further the frontoparietal neural correlates of oculomotion, autobiographical memory, and emotion regulation pre- and post-treatment among PTSD patients undergoing multiple sessions of EMDR (Power et al., [2002](#CIT0052); Rothbaum, Astin, & Marsteller, [2005](#CIT0053)).

5.. Conclusions {#S0005}
===============

The present study represents an important first step in identifying the role of the frontoparietal executive control network in the reprocessing of traumatic/stressful memories using eye movements. Here, we describe the influence of oculomotion on the recruitment of frontoparietal brain regions that impact top--down emotion regulatory processes during traumatic memory retrieval. In addition, we suggest that top--down emotion reappraisal strategies that occur in association with eye movements in PTSD may enhance self-referential processing to assist in reducing the negative emotional context associated with a memory. These processes may, in turn, facilitate integration of the exteroceptive and interoceptive details underlying traumatic memories, thus reducing what is often their time-independent and fragmentary nature. Overall, these findings begin to shed light on the potential neurobiological mechanisms underlying the use of EMDR as a treatment for PTSD.
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###### Supplemental Material

[^1]: These authors contributed equally to this work

[^2]: Senior co-authorship

[^3]: Age, gender, CAPS, and self-report questionnaires (CTQ, MDI, BDI) are reported as mean ± SD. Psychiatric illnesses assessed via SCID-I (MDD, Panic Disorder/Agoraphobia, Social Phobia, OCD and GAD) are reported in frequencies, as *n* = current (past) cases. Dissociation^avg^ indicates averaged depersonalization and derealization symptom measures based on responses to the RSDI.

[^4]: PTSD, post-traumatic stress disorder; CAPS, Clinician-Administered PTSD Scale; CTQ, Child Trauma Questionnaire; BDI, Beck Depression Inventory; MDI, Multiscale Dissociation Inventory; RSDI, Responses to State-Driven Imagery Scale; MDD, major depressive disorder; OCD, obsessive compulsive disorder; GAD, generalized anxiety disorder.

[^5]: \**p *\< 0.05.

[^6]: Exploratory functional connectivity analyses (psychophysiological interaction) of the (A) right FEF and (B) right SEF seed regions during traumatic memory retrieval with concurrent horizontal smooth pursuit and horizontal saccadic eye movements versus the implicit baseline. Section (C) shows negative SEF exploratory functional connectivity correlations with increasing clinical trait dissociative and state dissociative measures in PTSD during traumatic memory retrieval with simultaneous horizontal smooth pursuit eye movements.

[^7]: Results are listed at *p*FWE \< 0.05, those marked with an asterisk (\*) are region-of-interest corrected at *p*FWE ≤ 0.0125 with adjustment for multiple comparisons.

[^8]: LR, left/right hemisphere; BA, Brodmann area; *k*, cluster size; vFWE, voxel-wise family-wise error corrected; MNI, Montréal Neurological Institute; MDI, Multiscale Dissociation Inventory; RSDI, Responses to Script-Driven Imagery Scale.
